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A PORTABLE HIGH SPEED ULTRASONIC IMAGING SYSTEM 
ABSTRACT 
B.P. Hildebrand, T.J. Davis, A.J. Boland and 
R.R. Silta 
Spectron Development Laboratories, Inc. 
1010 Industry Drive 
Seattle, WA 98188 
Acoustical holography is rapidly approaching commercial status 
with applications to nondestructive evaluation, underwater imaging, 
and underground pipe location being pursued. In this paper we 
review the techniques involved, show some experimental results, and 
describe the latest commercial system. 
INTRODUCTION 
Acoustical holography does not much resemble optical holography 
any more because the small amount of data collected allows all re-
construction and display operations to be carried out on a computer. 
Thus, only holographic ideas survive, and even these serve only as 
the inspiration for new applications and techniques. 
In this paper we describe the principle of backward wave prop-
agation (BWP) used for obtaining the image from the data, present a 
number of experimental results in underground imaging, underwater 
imaging and nondestructive eva1uation. l We then briefly describe a 
commercial system intended for imaging flaws in industrial materials. 
TECHNICAL DISCUSSION 
The holographic imaging process is comprised of three steps: 
(1) data gathering, (2) data processing, and (3) image display. All 
of these are done under microprocessor or computer control. 
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Data gathering is done by translating an acoustic transducer 
(or array of transducers) in a scan pattern on a two-dimensional 
plane. The transducer is energized at regular intervals to launch 
an acoustic wave packet into the medium. Echoes from the object to 
be imaged are received by the same transducer and recorded. Several 
different data modes may be chosen depending upon the character of 
the medium and the desired results. 
One mode, which we call the time-of-f1ight (TOF) mode, utilizes 
an impulsive source applied to the transducer. 2 The data recorded 
is the time from initiation of the impulse to the time of arrival of 
the echo. This information can be converted to phase data which then 
is treated by the BWP algorithm to form an image. 3 
A second mode requires that the broadband signal generated by 
the impulsively driven transducer be recorded in its entirety, then 
Fourier analyzed and one component frequency se1ected.~ This com-
ponent is then treated as though it had been generated by the source 
driven harmonically. 
The third mode requires the source to emit a short coherent 
pulse of a fixed frequency. The echo is received, and in-phase and 
quadrature components of the complex amplitude are measured. These 
data are then given to the computer. 
The result of all three modes is a matrix of complex numbers 
representing the phase and amplitude of the wavefront reflected by 
the object. Let this distribution of numbers represent samples of 
the complex function f(x,y,z). Since the wavefront followed the 
rules of wave theory, it must have obeyed Helmholtz's equation, 
(1) 
where f(x,y,z) = g(x,y,z)exp[je(x,y,z)] = scalar wave field and k = 
wave number. Taking the two-dimensional Fourier transform of f(x,y,z), 
yields: 
F (u, v, z) = f f f (x, y , z) exp [- 2nj (ux + vy)] dxdy • 
Similarly, 
f(x,y,z) = f f F(u,v,z)exp[2nj (ux + vy)]dudv. 
Substituting Eq. (3) into Eq. (1) yields the equation: 
. F(u,v,z)exp[2nj(ux + vy)]dudv = O. 
(2) 
(3) 
(4) 
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This equation is satisfied only if 
a2F(u,v,z) 
dZ 2 
+ Ik2 - (2nu)2 - (2rrv)2]F(u,v,z) = O. 
The solution to this well-known differential equation is: 
F(u,v,z) = P+ (u,v)exp (jkz V 1- (~)'- (.?f-)') 
+ r (u,v)exp ( -jkz 1- ~2~U) _ ~2:")') 
where y+ indicates forward and F- backward propagation. 
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(5) 
(6) 
Now, consider a unit amplitude plane wave which can be expressed 
by: 
B(x,y,z) = exp[jk(ax + Sy + yz)], (7) 
where 
y = jl - a 2 - S2 
and a, S, yare the direction cosines of the propagation vector. 
The integrand of Eq. (3) can therefore be interpreted as a plane 
wave propagating with direction cosines 
27TU 
a = k = AU (8) 
S=~=Av (9) 
Y =jl - (Au)2 - (AV)2 (10) 
and amplitude 
F(u, v, z)dudv , (11) 
where 
a S 
u = \' v = \ 
Thus, Eq. (3) states that the wave front in the data plane can 
be thought to consist of the sum of an angular distribution of plane 
waves. Equation (6) states that the angular spectrum of plane waves 
on the plane z = z can be found by multiplying the angular spectrum 
of plane waves on the plane z = 0 by an exponential factor which 
accounts for the phase change due to the distance propagated. 
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Rewriting Eq. (6) to reveal the angular dependence more clearly, 
where we have used only the back propagation term. 
Thus, the following procedure will result in an image generated 
from a measurement of a wave field. 
(1) Measure the complex value of the field, f(x,y,z), on the 
detection plane z = o. 
(2) Take the two-dimensional Fourier transform of f(x,y,o) to 
obtain the spectrum of plane waves 
(3) Multiply the spectrum of plane waves by the backward 
propagation factor 
to obtain the angular spectrum of plane waves 
on the desired reconstruction plane. 
(4) Take the inverse Fourier transform of 
( a S F l' l' 
to obtain the image complex amplitude f(x,y,z). 
(5) Plot magnitude If(x,y,z)[2 and/or phase 6(x,y,z). 
When the reconstruction plane coincides with the plane of the object, 
the result is an image. 
Thus, the procedure requires two two-dimensional FFT's and one 
complex multiplication to propagate the wave front back to its 
orlgln. All of this is easily and quickly accomplished in many 
modern mini or microcomputers for reasonable array sizes (256 x 256). 
The resulting image lies in a plane parallel to the data plane. 
Sometimes, particularly in NDE, the data is taken by means of an 
angularly directed transducer in order to be able to obtain echoes 
from flaws that lie in a plane perpendicular to the data plane. In 
this case, the angular spectrum of plane waves obtained in step 3 
must be referred to the desired image plane before step 4 is exe-
cuted. When this is properly done, the result is an image lying in 
its proper plane. 
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In some cases, it may not be necessary to perform a two-dimensio-
nal reconstruction. Such a case occurs when the object is primarily 
one-dimensional such as a pipe. Then, it is possible to perform a 
series of one-dimensional reconstructions and display them side by side. 
This saves considerable computer time; in fact, it can be done in real 
time. It can be shown that the BWP procedure carried out on one line 
of data reconstructs only a narrow slice beneath tha lineS. Echoes 
arriving from other parallel planes have only a minor influence. 
EXPERIMENTAL RESULTS 
TOF Imaging 
A system, designed to image pipe buried up to one meter in soil, 
is being investigated for the Gas Research Institute (GRI). This 
system uses one-dimensional TOF holography as shown in Fig. 1. 
The source emits an impulse of energy which travels through the 
medium to the object from which it reflects to the receiver array. 
The TOF of the impulse is measured at each receiver. An expression 
for the TOF may be obtained as shown in Eq. (13). 
where 
and 
t = ro + r 
c 
c = velocity of propagation. 
(13) 
When this expression is plotted, a hyperbolic curve is generated as 
shown in Fig. 2. 
Holography is based upon the measurement of phase rather than 
time delay. Therefore, the TOF profile is converted to phase by the 
simple conversion 
<I> = wt (14) 
where w = radian frequency. A plot of this equation versus x would 
yield a curve similar to Fig. 2. However, if the sine or cosine is 
taken, the result is 
f(x) = cos{[~ + ~ (z~ + [x - xo]2)1/2JW}. (15) 
A plot of this function, shown in Fig. 3, yields curves equivalent to 
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Fig. 1. Cross-section of the 
linear impulse holo-
graphy system. 
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Fig. 2. Time-of-f1ight profile 
across a line object. 
a Fresnel zone pattern . As is well known, such a pattern forms the 
foundation of holography since, upon being photographed and presented 
to a collimated coherent light wave, it will focus it to a point. 
Thus, it appears that by proper presentation of TOF data, it can be 
converted to a holographic format. 
The choice of w is arbitrary within the bounds of the sampling 
theorem. For example, the pattern shown in Fig. 3 could be generated 
only if there is a sufficient number of receivers. Obviously, this 
example does not have enough since the last cycles on the right are 
not adequately sampled. Thus, they would not be reproduced. For a 
smaller w, the pattern would spread out to accomodate the receiver 
spacing. The relationship between the receiver spacing and w can be 
derived by the sampling theory resulting in the expression 
w ~ TIdC = Wo (16) 
SAMPl.F. 
POINTS 
x 
Fig. 3. Time-of-f1ight profile converted to a phase profile. 
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where d = receiver spacing. As an example, if the receiver spacing 
is 10 cm (4 inches) and the velocity of propagation is 300 m/sec 
(1000 ft/sec), 
w ~ 9425 rad or 1500 Hz. 
Thus, this receiver spacing allows impulse holography equivalent to 
1500 Hz continuous wave. The lateral resolution can now be found 
by the equation 
<5 = AZo 
L 
where L = Nd = length of the array, and N = number of receiver 
elements. Using Eq. (16) to define A, Eq. (17) reduces to 
<5 =~. N 
(17) 
(18) 
Thus, 32 receiver elements spaced 3 cm for an array length of 1 m will 
provide a resolution of 6.25 cm at a depth of 1 m. The depth of the 
pipe will be computed by using the minimum TOF and the expression 
(TOF)min = Zo + ro = Zo + Jzo + Xo 
c c 
(19) 
We can estimate Xo by noting the receiver, Xi with the shortest 
TOF, substitute this value into Eq. (19), and compute zoo The sub-
sequent reconstruction of the image will therefore be carried out at 
this depth. Since the estimate of Xo is uncertain within the receiver 
spacing, d, the depth estimate will be uncertain within 
6. = Xi -d 
c(TOF)min (20) 
where xi = receiver position yielding (TOF)min. Thus, the depth esti-
mate depends upon the position of the object, being minimum when it is 
centered under the array. 
There may be instances where the velocity of sound in the medium 
is not known, even approximately. It is possible to derive this infor-
mation by estimating the slope of the asymptote to the hyperbolic TOF 
curve. The expression for the asymptote to the hyperbola is 
2 
t = - (x - Xo - r o). c (21) 
Therefore, once the computer has estimated the asymptote from the TOF 
curve, the velocity of sound can be obtained from its slope 
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2 (22) m 
c 
The value of c, obtained in this way, can then be used in Eq. (19) 
and in the reconstruction algorithm. 
An experiment simulating 
preliminary results obtained. 
PDP 11/23 computer were mated 
ultrasonics package. 
the proposed system was set up, and 
An SDL 2-D mechanical scanner and 
to a microprocessor controlled 
A single broadband transducer is mounted on an x-y scanner 
mechanism controlled by the computer. A short focus lens attached 
to the transducer diverges the sound into a wide cone so that echoes 
will be received over a wide angle. The computer moves the trans-
ducer to selected points in the x-direction and instructs the pulser 
to energize it by applying a large voltage pulse. The sound spreads 
in all directions, and reflects from the pipe. The drive pulse turns 
on the time-interval counter, and the reflected pulse after passing 
through the gate, turns it off. The resulting TOF is recorded in 
the computer. Each line of data represents sufficient information to 
reconstruct a cross-section of the reflector. 
The following figures show the various steps along the way to 
the image. Figure 4 is a computer plot of the TOF to a 10 mm diam-
eter steel rod; note the parabolic shape of the curve. The sharp 
drop at the edges occurs when signal is lost at the limits of the 
cone of sound. Figure 5 is a photograph of the display of cos ~ for 
the TOF data shown in Fig. 4. Figure 6 shows a plan view of the 
image of the 10 mm rod after the BWP algorith~ has operated on the 
data. The steel rod ended at the bottom of the photograph. Figure 
7 shows the image from data obtained from a bent 15 mm copper tube. 
Note that the crimp at the bend resulted in inadequate data, making 
it look as though the tube was actually severed. 
The system can be commanded to take as many samples along a 
line as desired (in powers of 2). The reconstruction program auto-
matically selects the correct frequency according to Eq. (4) so that 
aliasing does not occur. The computer can also be instructed to 
perform automatic focusing by searching for the minimum TOF, comput-
ing the depth zo' and reconstructing at that plane. In this way, it 
is possible to image slanted pipes without searching different depths. 
An example of this is shown in Fig. 8 where the pipe slanted upward 
by about 5 cm from one end to the other. 
In the field such a system may have to work with interfering 
objects such as rocks or other pipes. To simulate such a condition, 
a number of ball bearings were interspersed about the pjpe as shown 
in Fig. 9. The resulting image is shown in the auto-focus mode in 
Fig. 10(a). Note that in some places the program obviously chose to 
focus on a ball, resulting in a defocused pipe. Figure lOeb) shows 
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Fig. 4. Experimental time-of-
flight profile. 
Fig. 6. Image of a 10 mm rod. 
Fig. 5. Experimental phase profile. 
Fig. 7. Image of a bent copper 
tube. 
the same data reconstructed at fixed focus at the depth of the pipe. 
The noisiness has practically disappeared. Finally, in Fig. 10(c) a 
fixed focus on one of the balls reveals the one-dimensional nature of 
the system yielding elongated features. This series of images reveals 
the surprising tolerance of this system to interfering point scatter-
ers. 
Intuitively, it would seem that this system would not work well 
for complicated objects. As a test, we imaged a pair of pliers and 
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Fig. 8. Image of an upward 
slanting rod. 
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Fig. 9. Photograph of a rod 
surrounded by interfering 
balls. 
Fig. IOCa). Image of the rod Fig. IOCb). Image of the rod 
surrounded by inter-
fering balls taken 
with fixed .focus on 
the rod. 
surrounded by inter-
fering balls taken 
with autofocus. 
a monkey wrench, and obtained the results shown in Figs. IICa) and (b). 
We consider these to be a remarkable demonstration of the robustness 
of the method. 
The TOF method images specular targets well, and tends to yield 
highlights. This is so because the data consists of time to first 
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Fig. 10(c). Image of the rod surrounded by interfering balls 
taken with fixed focus on one of the balls. 
Fig. 11(a). Image of a pair of 
pliers. 
Fig. ll(b). Image of a monkey 
wrench. 
arrival. Hence, edges and high points are exaggerated at the ex-
pense of rough textured surfaces. Therefore, this method is most 
suitable for objects which are smooth, and where the primary purpose 
is location. 
Coherent Pulse Imaging 
Coherent pulse imaging can be accomplished in exactly the same 
way as TOF imaging. The only difference is that the transducer emits 
coherent bursts of sound, and the data are taken in complex amplitude 
form directly. In this case, the sample spacing is dictated by the 
frequency used and the resolution is wavelength dependent. Since this 
is a coherent method, rough textured objects are imaged well so this 
method is suited to locating and sizing flaws in materials. An 
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example of the difference in images obtained by TOF and coherent pulse 
methods is shown in Fig. 12. The same wrench, as shown in Fig. ll(b), 
is imaged by the coherent pulse method. Note the interference fringes 
representing wavelength elevation changes resulting from the slanting 
surface of the jaws. 
A portable system based on the Intel 8086 microprocessor was used 
to obtain the following images. Figure 13 is the image, obtained 
through 75 mm of aluminum, of five flat-bottomed holes. Figure l3(a) 
shows the one-dimensional reconstruction, and 13(b) the two-dimension-
al. The frequency was 2.25 MHz, yielding a wavelength of 2.66 mm. 
The diameter of the holes was 6 mm on 12 mm centers. A 6 mm diameter 
side-drilled hole 7.5 cm below the surface is also part of the object. 
The one-dimensional image is drawn in real time, and the two-dimension-
al image follows two minutes later. A second example is shown in 
Fig. 14. The image portrays four 9.5 mm flat-bottomed holes on 12.5 
mm centers seen through 10.0 cm of steel overlayed with a 6 mm layer 
of welded stainless steel cladding. Finally, Fig. 15 shows a collage 
of images of flaws in a weld in 16.5 cm thick steel. The images were 
made with 50° angle beam shear waves at 2.25 MHz. The photograph 
shows the flaws viewed from both sides of the weld. 
DISPLAY MODES 
The images shown up to this point are plan views, or C-scan in 
NDE parlance. It is often advantageous to display the results in 
Fig. 12. Image of a wrench 
taken with linear 
coherent holography. 
Fig. 13(a). 1-D image of five flat-
bottomed holes and one 
side-drilled hole thru 
7.5 cm of aluminum. 
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Fig. l3(b). 2-D image of five Fig. 14. 
flat-bottomed holes 
and one side-drilled 
hole through 7.5 cm 
of aluminum. 
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Image of four flat-
bottomed holes through 
10 cm of steel. 
Fig. 15. Image of flaws in the weld taken 
with shear waves propagating at 
50° from the normal. 
other views. One useful display places the image in an isometric 
format. The computer draws the outline of a box seen at a user 
specified rotation and tilt. The image plane is then drawn in its 
proper position and orientation within this outline. By changing the 
rotation and tilt, the image can be examined from various viewpoints 
including top and side views. In the case of one-dimensional recon-
structions, slanting pipes for example, are shown in true relationship 
\ 
to the data plane. An illustration of this is shown in Fig. 16 which 
places the same data shown in Fig. 8 in its proper perspective. 
Another useful display mode is a plot of the image intensity 
values in an isometric view, as shown in Fig. 17, which is the same 
data shown in Fig. 13(b). 
1450 B. P. HILDEBRAND ET AL. 
All of these images are normally color coded which, in some cases, 
aids in interpretation. Of course, it is not practical to include an 
example in this paper. A final example of the capability of such an 
imaging system is shown in Fig. 18. Figure 18(a) shows a line drawing 
of the object, and Fig. 18(b) shows its image focused at 1.25 cm. The 
photograph shows the right half of the block. Note that the time gate 
allowed echoes from the surface to be imaged near the edges of the 
scan resulting in a tunnel-like effect. As well, the ridge shows up 
to some extent. 
Fig. 16. Linear impu1e holo-
graphy image of upward 
slanting pipe, shown 
in Fig. 8, displayed 
in perspective view. 
Fig. 17. Amplitude of image, 
shown in Fig. 13(b), 
displayed in perspec-
tive view. 
T 
6" 
1 
-*- 'I, ----9'-' ~~===:l~1 
1\'[ iii ! ! ~I 11 r~, ==;r==~:::::::::¢=~ I , 
3/64" 5/04" 
Fig. 18(a). Line drawing of aluminum 
sample containing 3/64 
and 5/64 inch diameter 
flat-bottomed holes. 
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Fig. l8(b). Image of the four flat-
bottomed holes shown on the 
right hand end of Fig. l8(a), 
focused at 1/2 inch metal 
path. 
OTHER APPLICATIONS 
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Another application for this type Qf imaging has recently been 
explored. s This application utilizes eddy current detection appara-
tus at the sensing end, but manipulates the data in a radically dif-
ferent manner from that normally used. In this method we consider 
the phase and amplitude response of the sensing coil as arising from 
the flaw. Because of the effect of the conducting material on the 
EM wave, its velocity of propagation is extremely slow. Therefore, 
even for low frequencies (50 KHz, for example), the wavelength in a 
conductor is quite short (4 . 6 mm for stainless steel). This suggests 
that images of acceptable resolution should be possible subject to 
the penetration depth problem. We have shown, that with some special 
attention to processing the data prior to reconstruction, it is indeed 
possible to produce good eddy current images . Figure 19 shows the 
image of a test pattern made up of aluminum disks attached to the 
bottom of a 1.25 mm thick stainless steel sheet. The data was taken 
by scanning a 12.5 mm diameter eddy current coil on a 5 cm x 5 cm, 
128 x 128 point raster on the opposite side of the sheet. A drawing 
of the test pattern is shown in Fig. 19(a) and the image in Fig. 19(b). 
Note that the disks are well resolved. If the data had been displayed 
with the usual eddy current techniques, the resolution would have been 
about 12.5 mm (coil diameter). 
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CONCLUSIONS 
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Fig. 19(a). Line drawing of eddy current 
test pattern. 
Fig. 19(b) . Eddy current image of left 
hand pattern shown in 19(a). 
Acoustic holography is beginning to find its way into many 
industrial areas; such as oil exploration, underwater imaging, NDE, 
and underground imaging. We have touched on some of them. The 
basic principles and techniques are the same for all, and are rapidly 
becoming practical. All of the results shown were obtained with a 
prototype imaging computer that will soon be available from Spectron 
Development Laboratories, Inc. The specifications for this system 
are shown as follows. 
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Preliminary Specifications for UIS-lOOl IMAGING COMPUTER 
Processor: Intel 8086 l6-bit microprocessor with 8086 
coprocessor 
Memory: 
Storage 
Medium: 
Display: 
Size: 
Height: 
Reconstruction 
Time: 
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1 Mbyte solid state 
5 1/4 " Hinchester disk (10 Mbyte capacity) 
5 1/4" floppy disk (819 Kbytes capacity) 
9" black and white (color signals available) 
approximately 10 x 20 x 26 inches 
approximately 60 pounds 
l-D real time 
2-D 143 seconds for 128 x 128 image 
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